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Abstract
Formation flight of multiple satellites is an attractive concept for achieving compli-
cated space missions that are difficult or impossible with a single monolithic satellite.
Since traditional thrusters require propellant consumption for maintaining the forma-
tion of multiple satellites, one concern is the way of more efficiently generating thrust.
A plausible concept for the alternative actuator is Electromagnetic Formation Flight
(EMFF), which uses the electromagnetic force generated by superconducting magnets
and the reaction torque generated by reaction wheels as the way to control position
and attitude of each satellite respectively. Since all of the actuators in EMFF utilize
solar energy and do not depend on consumables, the mission lifetime can be sub-
stantially increased. The Space Systems Laboratory at Massachusetts Institute of
Technology has contributed to demonstrating the concept of EMFF by developing
a testbed composed of two vehicles, and the mission for one moving vehicle to hold
its position with respect to the other stationary vehicle on a plane was successfully
achieved. In this thesis, it is pursued to experimentally show that the electromagnetic
force is a sufficient control actuator for a trajectory following mission with a new state
estimator designed for the mission. Firstly, the vehicle of the testbed is categorized
into three subsystems of flight computer, actuator, and measurement system, each
of which is described in detail. Then, the new state estimator is designed with an
extended Kalman filter algorithm, and the method to pre-filter erroneous ultrasound
measurements is proposed. Its convergence is shown by simulation. Finally, the new
state estimator is implemented in the testbed, and the experimental results for several
kinds of sinusoidal commanded trajectories are presented, which shows the desired
mission is successfully accomplished.
Thesis Supervisor: Raymond J. Sedwick
Title: Visiting Assistant Professor of Aeronautics and Astronautics
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Chapter 1
Introduction
1.1 Motivation and Previous Work
Since the concept of formation flight was proposed in the field of space engineering,
there has been research done from several points of view such as system architecture
and control strategy. One of the concerns is the way of efficiently generating thrust
because maintaining the formation of multiple satellites with traditional thrusters
requires considerable consumption of fuel which can result in the severe limitation
on a mission life span. The concept of Electromagnetic Formation Flight (EMFF) is
one of several options for the alternative actuator, in which the electromagnetic force
generated by superconducting magnets and the reaction torque generated by reaction
wheels are used as the way to control position and attitude respectively. EMFF is a
very plausible concept according to the fact that keeping the formation necessitates
controlling only the relative position and attitude of the satellites with respect to each
other. Additionally, despite the disadvantage of the center of mass of the formation
being uncontrollable without any traditional thrusters, the mission lifetime can be
substantially increased because EMFF utilizes solar energy and does not depend on
consumables such as propellant.
The Space Systems Laboratory (SSL) has contributed to developing EMFF in
several ways. One is mission analysis and design. In reference [1], it was investigated
how efficient implementing electromagnets and subsystems essential for their opera-
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tion on the formation flight architecture is against diverse kinds of micropropulsion
systems in terms of the science return for the mission of NASA’s Terrestrial Planet
Finder (TPF).
Another contribution is from the aspect of dynamics and control. The nonlinear
dynamics model for two spacecraft with electromagnets and reaction wheels was de-
veloped including reaction wheel gyroscopic stiffening effects. Also, the steady-state
spin maneuver for deep-space interferometric observation was simulated with the lin-
earized dynamics model and the linear quadratic regulator (LQR) in order to show
the stability of the closed-loop system [2]. Additionally, Schweighart [3] considered
N spacecraft, for which the equations of motion, described as polynomial functions
of the magnetic dipole of each satellite, were solved. Angular momentum manage-
ment and operation under the Earth’s gravitational (including the J2 disturbance)
and magnetic fields were dealt with as well. Considering the latter, it was concluded
that the torques produced from the Earth could be, at the same time, both a con-
siderable disturbance to the satellite array and a useful tool for discharging surplus
angular momentum accumulated on the reaction wheels. Lastly, in reference [4],
nonlinear adaptive control laws and angular momentum management by switching
dipole polarity were presented for operating EMFF on N satellites in Low Earth Or-
bit (LEO). Formation reconfiguration, represented as a constrained nonlinear time
optimal problem due to the zero cost of propellant, was solved using the Artificial
Potential Function method (APFM) and the Legendre Pseudospectral method while
comparing computational cost of those two approaches.
In order to demonstrate the concept of EMFF in the real world, a testbed consist-
ing of two vehicles has been developed. The first version is well described in reference
[5]. Superconducting coils were used for generating an electromagnetic field. The
reaction wheel assembly for attitude control was built with urethane to avoid the
interaction of the wheel to the electromagnetic field, and attracting and repelling
motions were demonstrated with open-loop control. In reference [6], the testbed was
upgraded by redesigning the thermal system used to keep the temperature of the su-
perconducting coils below their critical value. An experiment for holding the position
2
of one movable vehicle on a reference point with respect to one stationary vehicle
was successfully achieved with an LQR controller and a steady-state Kalman filter
estimator.
Although the combination of LQR and steady-state Kalman filter was good enough
to obtain successful experimental results for the position hold mission, it was revealed
that the pair was not appropriate for the mission for the moving vehicle to follow a
trajectory with respect to the stationary vehicle, especially in terms of the estimator.
One problem is that the estimator uses the dynamics model linearized about a refer-
ence point. This may not be able to capture the dynamics along a trajectory. Another
problem is that the estimator uses the steady-state gain, with which, in general, the
estimator converges more slowly than a dynamic gain filter [7].
The other problem is the method of handling bad measurements. The solution
was to replaces the current state estimate, corrupted by bad measurements, with the
previous state estimate instead of pre-filtering the bad measurements. The estimator
was designed for the measurement vector of zk = [xk yk θk θ˙k]
T where the first
three elements are nonlinear functions of six ultrasound measurements. As mentioned
in Section 3.3, some of the six ultrasound measurements at tk are sometimes wrong
or missed, and they corrupt zk, with which the estimator provides unreasonable esti-
mated state variables for the LQR controller. In order to prevent this situation, the
estimator replaces the state estimate at tk, xˆk, with the state estimate at tk−1, xˆk−1,
if any element of xˆk is considerably greater than the corresponding element of xˆk−1.
One practical example of the problem with this structure is that, if the first state
estimate, xˆ0, is unreasonable, then all of the state estimate after that, xˆk for k ≥ 1,
become xˆ0.
1.2 Thesis Objectives
The ultimate goal of this thesis is to experimentally show that, given the testbed of
one movable vehicle and one stationary vehicle on a flat table, the electromagnetic
force generated by superconducting magnets is a sufficient control actuator for a
3
trajectory following mission.
In order to achieve the goal, the prerequisite is to design a new state estimator
appropriate for the trajectory following mission so that the new estimator can suc-
cessfully replace the steady-state Kalman filter that is problematic for the present
goal, though satisfactory for the previous position hold mission.
1.3 Thesis Outline
Chapter 2 is devoted to the description of the vehicle, the components of which can be
classified into three major subsystems: flight computer, actuators, and measurement
system. The brief introduction for the overall system is followed by the description of
the flight computer, indispensable for commanding actuators, taking measurements,
and implementing the algorithms for control and estimation. Then, the subcompo-
nents of the actuators and the measurement system are described, and their interface
to the flight computer is explained as well.
Chapter 3 presents the design procedure for the new estimator. After determining
the state variables to be estimated, dynamics and measurement equations are repre-
sented as nonlinear functions of the state variables, and the new estimator is designed
by applying the extended Kalman filter algorithm. Then, a pre-filtering method for
bad measurements is introduced, and the convergence of the new estimator is shown
by simulation.
In Chapter 4, the new estimator is implemented into the testbed, and the experi-
mental results for the trajectory following mission are presented. Firstly, the experi-
ment setup is briefly mentioned, and the parameters of the new estimator are tuned
through several experiments according to two simple rules. Then, the measurement
system is improved, and several successful experimental results are presented.
Chapter 5 completes this thesis by presenting overall conclusions and the future
work for improving the performance of the new estimator and the attitude control
actuator.
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Chapter 2
Testbed Description
Superconducting
Coil
Reaction 
Wheel
Coil Current
Control Box
Ultrasound
Beacon
Ultrasound
Receiver
Flight 
Computer
Rate Gyro
Figure 2-1: Vehicle of the Testbed
The testbed, consisting of two identical vehicles, was developed to show the ability
of using electromagnetic force as an actuator [5]. In order to design a controller or
an estimator, important is knowledge about components of the plant of interest.
This chapter is about the description of the vehicle, especially for three primary
components: flight computer, actuators, and measurement system.
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2.1 Overall System
The components of the vehicle can be categorized into an air carriage system, a flight
computer (avionics), a superconducting coil assembly, and a measurement system.
The air carriage system consists of two 16oz tanks of CO2 and three pucks attached
at the bottom of the vehicle. When a valve is opened, CO2 gas effuses steadily through
the pucks and makes a thin gas layer between the pucks and the table on which the
vehicles are placed, thus leading to negligible friction between them. As for the last
three components, Figure 2-2 shows the interaction between each component, and
the following sections explain them in detail.
Ultrasound
Metrology
Superconducting
Coils
Rate Gyro
Reaction Wheel
Assembly
Estimator Controller
Trajectory
Generator
Measurement ActuatorsFlight Computer
Figure 2-2: Block Diagram of Vehicle
Finally, the physical properties such as mass and moment of inertia are listed in
Table 2.1.
2.2 Flight Computer
The flight computer used in the EMFF testbed was originally built for the SPHERES
(Synchronized Position Hold, Engage, Reorient Experimental Satellites) project. It is
integrated into the testbed with a couple of modifications; regulated 15V is replaced
6
Table 2.1: Mass and Moment of Inertia for One Vehicle [6]
Component Mass (kg) Radius (m) Moment of Inertia (kg-m2)
Large Coil 9.00 0.425 0.82
Small Coil 8.00 0.395 0.63
Tank (LN2) 9.25 0.198 0.18
Structural Ring 0.75 0.450 0.08
Other 9.00 0.200 0.18
Total 36.00 1.89
by regulated 12V, and the 32-pin port designed for twelve on-off thrusters is used for
sending current commands to coil current control boxes via an 8-bit DAC (Digital
to Analog Converter) and providing a PWM (Pulse-Width Modulation) signal for
a motor control unit. This section is concerned with the description of the flight
computer from practical aspects, based on Saenz-Otero’s dissertation [8] explaining
much more in detail.
Figure 2-3: Flight Computer
The flight computer consists of a power board, a metrology motherboard, a DSP
(Digital Signal Processor) board, and a communication board. The power board pro-
vides other boards with ground and regulated voltages of four different values: 3.3V,
5V, 12V, and −15V. The power source is eight or sixteen 1.2V AA-size rechargeable
batteries. It also has a 32-pin port, through which the flight computer provides power
for the 8-bit DAC and a tachometer, and sends coil current command data to the
8-bit DAC and a PWM signal to the motor control unit. Detailed description for the
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32-pin port is mentioned in Section 2.3.1 and 2.3.2.
The metrology motherboard processes signals from sensors by utilizing a Xilinx
FPGA (Field Programmable Gate Array) while not interrupting the DSP. It has
a 25MHz counter, one infrared (IR) transmitter command and twelve IR receiver
channels for synchronizing test time between vehicles, twenty four ultrasound receiver
channels for measuring the time of flight (TOF) from a beacon to each receiver, and
six 12-bit ADC (Analog to Digital Converter) capable of sampling analog signals
from inertial sensors at a rate up to 1kHz. A first-order low pass filter with cut-off
frequency of 300Hz is implemented in each ADC by means of a simple RC circuit.
The DSP board, featuring a Texas Instruments TMS320C6701 Digital Signal Pro-
cessor, collects and processes data from the metrology motherboard, then transfers
processed results, such as required current to each coil and voltage to a motor, to
the motherboard via a global data bus. Features of the DSP board are presented in
Table 2.2.
Table 2.2: Features of DSP Board
Form Factor Single-Width TIM40
CPU TMS320C6701
Clock Speed 167MHz
FLOPS 1 GFLOPS peak
RAM 16MB
Cache 512kB
Comm Ports 6×20MBps
Programming C / C++
Power Consumption 7W
An RFM DR2000 board is used for communication with another vehicle and a
ground station. It employs a radio frequency signal of 916.5MHz with data rate
of 57.6kbps. As for the communication protocol of the testbed, it is a token ring
network with three stations of two satellites and one laptop. The token circulates
around the ring with a specified period. Only one station can have the token at each
time step, and the station with the token can broadcast its data packets to all other
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stations. In the token ring network, the station with the token transmits its data
only to the station which will have the token at the next time step. The other two
stations without the token can receive the transmitted data packets, but cannot read
the packets until the function for data read is called.
Lastly, all of the hardware mentioned above is controlled by the implementation
of algorithms through the Guest Scientist Program interface [9].
2.3 Actuators
Since the current testbed has been built to show the ability to maneuver in 2D
plane, each vehicle has two superconducting coil assemblies, arranged orthogonally to
each other for position control, and one reaction wheel assembly (RWA) for attitude
control. This section covers the interface between the flight computer and actuators
as well as the description of each component of the actuators.
2.3.1 Superconducting Coil Assembly
A superconducting coil assembly is composed of three sets of superconducting coils
made of Bi-2223 High Strength Wire (American Superconductor [10]) and the copper
container allowing the coils to remain immersed in liquid nitrogen. This keeps their
temperature below 115K at which the coils have their superconductive property. Each
vehicle has two assemblies of different size; the outer one (Coil 1) has three sets of
coils with 99 turns and a diameter of 32.87in, and the inner one (Coil 2) has three sets
of coils with 103 turns and a diameter of 30.62in. In addition to this, a pressurized
containment system is equipped to hold liquid nitrogen sufficient for approximately
twenty minute experiment. The details of the coil container and the pressurized liquid
nitrogen containment system can be found in reference [6].
The coil current control box shown in Figure 2-4 is used to provide a coil assembly
with current in either a positive or negative direction by utilizing an H-bridge [1].
Three 1.2V rechargeable batteries (GP900DHC [11]) are used for the source of coil
current. Additionally, the box has two LEDs, an LCD pannel, and a 15-pin port.
9
Figure 2-4: Coil Current Control Box
The top LED is for indicating the status of the current source batteries, and the
bottom LED is for checking if the level of liquid nitrogen is high enough by sensing the
temperature near the top of the coil with an RTD (Resistance Temperature Detector).
The LCD panel is used to show how much current flows in the coil. Lastly, the 15-pin
port is used to provide and take several kinds of signals, and the pin description is in
Table A.1.
The coil current control interface is shown in Figure 2-5. The position controller
implemented in the flight computer computes the required amount of current for each
coil assembly, and it is digitized and stored in the 11-bit register where the first 8 bits
are for the amount of the current, and the last 3 bits are for the coil address. Then, it
is transferred to a 8-bit DAC (MAX506 [12]) through the 32-pin port, and the DAC
provides an analog voltage signal for the coil current control box, which supplies the
actual current to the corresponding coil. The relationship between signals is in Table
2.3, and the description of the 32-pin port and the coil addressing are in Table A.2
and Table A.3 respectively.
Table 2.3: Relationship between Signals
Name Range
Current (COM, Coil) −125A ∼ +125A
8-bit (COM) 0 ∼ 255
Voltage (DAC) 0V ∼ 5V
10
Coil Current
Control Box
(1 or 2)
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   +
3-bit
Voltage
(0~5V)
Flight Computer
DAC
Figure 2-5: Coil Current Control Interface
2.3.2 Reaction Wheel Assembly
The RWA consists of an MCU (Motor Control Unit), a permanent magnet motor
with a gear box, a reaction wheel, ten GP900DHC batteries only for the motor, and a
tachometer for measuring angular speed of the reaction wheel. The MCU is an Astro
30 Amp Reversing Marine Speed Control (P/N: 208D) by Astro Flight Inc., which
takes a PWM signal from the flight computer as an input, and provides the motor with
a voltage. The voltage corresponds to the pulse width of the input signal in a manner
of PWM by utilizing high speed switching with the rate of 2800Hz and resulting
in a small amount of heat generation. Its specification provided by the company is
in Table B.1. However, after some experiments, it turned out that the relationship
between throttle percentages and pulse width of the input signal to the MCU was
not accurate enough. Thus, the relationship was experimentally determined with a
Oscilloscope. The results are shown in Figure 2-7 and are summarized in Table 2.4.
Figure 2-6: Motor Control Unit
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Figure 2-7: Experimental Result for Relationship between Input Signal Pulse Width
and Throttle
Table 2.4: Pulse Width to Throttle
Pulse Width Throttle
1.16ms ∼ 1.49ms −100% ∼ 0%
1.49ms ∼ 1.58ms Neutral (Off)
1.58ms ∼ 1.91ms 0% ∼ 100%
The permanent magnet motor is an Astro 40 Cobalt Geared Motor (P/N: 640G)
by Astro Flight Inc., which is originally designed for an engine replacement of radio
control model aircraft. Several features of the motor are in Table B.2.
The reaction wheel is made of urethane, a non-metallic material, due to the prob-
lem of eddy currents arising when metal rotates a in magnetic field. The moment
of inertia of the wheel was 0.01kg-m2 [5], but it has been increased to 0.02kg-m2
by attaching another identical one upside-down. This was done because the angular
momentum of the previous wheel would often saturate so that the RWA lost the au-
thority for attitude control during several tests. Dimension of the wheel is shown in
Figure B-1.
The tachometer utilizes two optical sensors (OPB742 [13]), two voltage com-
12
Figure 2-8: Permanent Magnet Motor
parators (LM311N [14]), one edge-triggered flip-flop (SN74LS374N [15]), and one
frequency-to-voltage converter (LM2907N [16]). As seen from Figure 2-9, there are
two layers of vertical black and white stripes on the circumference of the reaction
wheel, near which one optical sensor for each layer is placed. The signal coming out
of each optical sensor is similar to a sinusoid, which is converted to a rectangular
wave by comparing the voltage of the input signal with a reference voltage; 0V (low)
if the input voltage is below the reference, 5V (high) otherwise. Then, the frequency-
to-voltage converter outputs the angular speed of the wheel as a voltage. The voltage
level corresponds to the frequency of the rectangular wave whose source is the lower
optical sensor. The direction is determined by the output state of the flip-flop com-
paring the phase of two rectangular waves; low (CCW) if the signal from the lower
Figure 2-9: Tachometer: Board and Optical Sensors
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Figure 2-10: Reaction Wheel Rotation Direction Measurement
optical sensor is low at the rising edge of the signal from the upper optical sensor,
high (CW) otherwise. The schematic of the tachometer board is shown in Figure B-2.
The reaction wheel control interface is shown in Figure 2-11. The flight computer
sends a PWM signal to the MCU, which provides the motor with a prescribed voltage.
The voltage is equal to the voltage of the batteries times the throttle percentage as
determined by the pulse width of the input PWM signal based on the relationship
mentioned above. At the same time, the flight computer measures the angular velocity
of the wheel using the tachometer. It takes the speed and the direction via the ADC
ports for Y-gyro and Z-gyro respectively.
MCU Motor
Batteries
VBAT
PWM
Voltage
(PWM)
Figure 2-11: Reaction Wheel Control Interface
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Figure 2-12: Ultrasound Beacon and Receiver
2.4 Measurement System
Each vehicle has ultrasound metrology and a rate gyro to obtain knowledge of its
position, velocity, and attitude. This section covers the description of sensors and the
types of measurement.
2.4.1 Ultrasound Metrology
The ultrasound (U/S) metrology consists of one beacon and three receivers. The
beacon generates ultrasound pulses with the period specified via the Guest Scientist
Program interface, and the receivers detect ultrasound at the time window defined in
the FPGA. The geometry of the components is shown in Figure 2-13.
YB
X
Stationary
Vehicle
Moving
Vehicle
120.0°
120.0°
120.0°
Y XB
R 0.39m
Figure 2-13: Geometry of Ultrasound Metrology (as seen from above)
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Using the U/S metrology, the vehicle can measure distances to its receivers from
the beacon of the other vehicle. The procedure of how to measure distances with two
vehicles is explained as follows.
1. Test time between two vehicles is synchronized by IR sensors in the beginning
of the test.
2. The beacon of the vehicle named 1 generates a U/S pulse while its receivers are
inactive.
3. The receivers of the vehicle named 2 detect the U/S pulse, and the metrology
motherboard calculates time of flight for each receiver, which is converted to
the values of distance.
4. The beacon of the vehicle 2 generates an U/S pulse with its receivers dormant.
5. The receivers of the vehicle 1 detect the U/S pulse, and the distance measure-
ments are stored in the metrology motherboard.
6. Procedure from 2 to 5 is repeated until the test is terminated.
2.4.2 Rate Gyro
Figure 2-14: Angular Rate Gyro
The rate gyro is a BEI GyroChip II of BEI Technology Inc. (P/N: QRS14-00050-102),
a micromachined angular rate gyro. It is installed on the mount for the superconduct-
ing coil assembly, and its sensitive axis is along Z-axis of a body fixed coordinate. The
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input voltage is 12V DC and the output voltage is from 0V to 5V. The specification
of the rate gyro and the description of a connector pin are in Table 2.5 and in Table
2.6 respectively.
Table 2.5: Specification of Rate Gyro [17]
Item Value
Standard Range −50 ∼ +50◦/sec
Full Range Output (Nominal) 0 ∼ +5 Vdc
Scale Factor Calibration (at 22◦C) ±2% of value
Scale Factor over Temperature (Dev. from 22◦C) ≤ 0.06%/◦C
Bias Calibration (at 22◦C) +2.5±0.045 Vdc
Bias Variation over Temperature (Dev. from 22◦C) < 3.0◦/sec for ±100◦/sec range
Short Term Bias Stability (100 sec at const. temp) ≤ 0.05◦/sec
Long Term Bias Stability (1 year) ≤ 1.0◦/sec
G Sensitivity ≤ 0.06◦/sec/g
Table 2.6: Description of Gyro Connector Pin [17]
Pin Assignment
1 Power and Signal GND
2 +Vdc Input
3 Power Save (unused)
4 No Connection, Leave Open
5 Rate Output
6 No Connection, Leave Open
7 Built-in-Test (unused)
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Chapter 3
State Estimator Design
As mentioned in Chapter 1, the Kalman filter with steady-state gain was used as a
state estimator for achieving a position hold mission, and a new state estimator was
required as the mission changed to trajectory following. This chapter is concerned
with the design of a state estimator using an extended Kalman filter and the method
of preventing wrong measurements from entering the estimator.
3.1 States, Dynamics, and Measurements
In order to design a state estimator, the prerequisite is to perceive the states to be
estimated, dynamics of the plant of interest, and available measurements. Considering
the configuration that one vehicle is fixed on the table and the other is capable of
moving, there are two candidates for the states to be estimated: (x, x˙, y, y˙, θ, θ˙) and
(R, R˙, ψ, ψ˙, θ, θ˙) as shown in Figure 3-1. Since the nonlinear controller designed by
Ahsun uses the first candidate as a state vector [4], it is convenient that the proposed
states for the filter design are chosen as follows.
x =
[
x, x˙, y, y˙, θ, θ˙
]T
As for the dynamics, of interest is how electromagnetic force and torque is repre-
19
Stationary
Vehicle
Moving
Vehicle
Y
Y
B
X
R
X
B
ψ
θ
( , )
or
( , )
x y
R ψ
Figure 3-1: Possible Sets of States to be Estimated
sented in terms of the current in superconducting coils as well as the selected state
variables. This is well presented in Neave’s SM thesis [6]. According to that, there
are two models with which the dynamics can be derived. One is the near-field model
where the equations of force and torque are obtained by integrating the effect of the
current in the coil of the stationary vehicle on every moving charge in the coils of the
moving vehicle, and they are described in the form of double closed integrals. The
other is the far-field model which approximates the former model using the concept
of magnetic dipole vectors whose direction and strength are determined by the right
hand rule and the multiplication of the number of turns of wire, the amount of cur-
rent, and the area enclosed by the coil. Between these two models, the far-field model
was selected as a design model because the dynamics derived with the far-field model
is much simpler to describe in a state space form while providing accuracy to some
degree. The nonlinear second-order differential equations are as follows.
Mx¨ =
3µ0µs
4pi
√
(x2 + y2)7
{
µmx(−2x3 + 3xy2) + µmy(−4x2y + y3)
}
(3.1)
My¨ =
3µ0µs
4pi
√
(x2 + y2)7
{
µmx(−4x2y + y3) + µmy(x3 − 4xy2)
}
(3.2)
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Iz θ¨ =
µ0µs
4pi
√
(x2 + y2)5
{
µmx(3xy)− µmy(2x2 − y2)
}
+ TRW (3.3)
where
M = Mass of the moving vehicle
Iz = Inertia of the moving vehicle along ZB
µ0 = 4pi × 10−7 Tm/A ∼ Permeability of free space
µmx = µ1 cos θ − µ2 sin θ
µmy = µ1 sin θ + µ2 cos θ
µ1 = Dipole strength of the moving vehicle along XB
µ2 = Dipole strength of the moving vehicle along YB
µs = Dipole strength of the stationary vehicle
TRW = Torque generated by RWA
As mentioned in Section 2.4, the measurements available for the moving vehicle
are one angular rate along the Z-axis with respect to its body fixed coordinate (θ˙)
and three distances from the beacon of the stationary vehicle (dm1 , dm2 , dm3). In ad-
dition to these, utilizing the communication system makes three more measurements
available for the moving vehicle: the distances from the beacon of the moving vehicle
to the ultrasound receivers of the stationary vehicle (ds1 , ds2 , ds3). Thus, the moving
vehicle has seven measurements as shown in Figure 3-2, and the measurement vector
can be defined as
zk =
[
dm1(tk), dm2(tk), dm3(tk), ds1(tk), ds2(tk), ds3(tk), θ˙(tk)
]T
under the assumption that the difference between the time at which dsi , i = 1, 2, 3 are
taken and the time at which dmj , j = 1, 2, 3 are taken is negligible. The representation
of each ultrasound measurement in terms of state variables is as follows.
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Figure 3-2: Available Measurements
dm1(x, y, θ) =
√(
x+R cos θ
)2
+
(
y +R sin θ
)2
(3.4)
dm2(x, y, θ) =
√{
x−R cos(θ − pi
3
)
}2
+
{
y −R sin(θ − pi
3
)
}2
(3.5)
dm3(x, y, θ) =
√{
x−R cos(θ + pi
3
)
}2
+
{
y −R sin(θ + pi
3
)
}2
(3.6)
ds1(x, y) =
√(
x−R)2 + y2 (3.7)
ds2(x, y) =
√(
x+R cos pi
3
)2
+
(
y −R sin pi
3
)2
(3.8)
ds3(x, y) =
√(
x+R cos pi
3
)2
+
(
y +R sin pi
3
)2
(3.9)
where R is a distance between a beacon and each receiver on a vehicle.
Note that some of U/S measurements are redundant, which can guarantee the
observability when certain conditions on the number of effective U/S measurements
are satisfied. The conditions will be mentioned later in Section 3.3.
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3.2 Extended Kalman Filter
According to the previous section, both the dynamics equations and the measurement
equations are nonlinear. Considering this condition, there are two candidates for a
state estimator: a nonlinear observer and an extended Kalman filter (EKF). Between
these two options, the EKF has been selected because it is not only the state esti-
mator mostly used in the field of spacecraft control and estimation but it can also
provide the state variables optimally estimated in the sense of minimum mean square
errors by pertinently weighting the effect of the approximated dynamics and the noisy
measurements respectively.
The EKF is designed for the stochastic model of a continuous-time system with
discrete measurement, which is described as follows by letting the right hand sides of
Equations (3.1), (3.2), and (3.3) be f1, f2, and f3 respectively.
x˙ = f(x,u) +Gw (3.10)
=

x˙
f1(x, y, θ, µ1, µ2)/M
y˙
f2(x, y, θ, µ1, µ2)/M
θ˙
f3(x, y, θ, µ1, µ2, TRW)/Iz

+

0
wx(t)
0
wy(t)
0
wθ(t)

(3.11)
zk = h(xk) + vk (3.12)
=

dm1(x, y, θ)
dm2(x, y, θ)
dm3(x, y, θ)
ds1(x, y)
ds2(x, y)
ds3(x, y)
θ˙

+ vk (3.13)
23
where w(t) for a process noise representing unmodeled dynamics is assumed as a
continuous white Gaussian noise and vk for a measurement noise is assumed as a
discrete white Gaussian noise. The covariance matrices for w(t) and vk are given by
E[w(t)w(τ)T] = Qδ(t− τ) (3.14)
E[vkv
T
i ] =
Rk, i = k0, i 6= k (3.15)
where
Q =

σ2x 0 0
0 σ2y 0
0 0 σ2θ
 (3.16)
Rk =

σ2U/S 0 0 0 0 0 0
0 σ2U/S 0 0 0 0 0
0 0 σ2U/S 0 0 0 0
0 0 0 σ2U/S 0 0 0
0 0 0 0 σ2U/S 0 0
0 0 0 0 0 σ2U/S 0
0 0 0 0 0 0 σ2gyro

(3.17)
with the assumption that w(t) and vk are not correlated to each other and that the
characteristic of the measurement noise for each U/S receiver is identical.
The filtering procedure is composed of update and propagation. The update is
performed when measurements are taken at t = tk, at which time the filter calculates
the Kalman gain (Kk), updates the predicted state estimate vector (xˆ
−
k ) to the opti-
mally estimated state vector (xˆk) with the Kalman gain and the measurements, and
computes the error covariance matrix (Pk) for xˆk. The corresponding equations are
as follows.
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Kk = P
−
kH
T
k
(
HkP
−
kH
T
k +Rk
)−1
(3.18)
xˆk = xˆ
−
k +Kk
{
zk − h
(
xˆ−k
)}
, xˆ−0 given (3.19)
Pk = (I−KkHk)P−k , P−0 given (3.20)
where
Hk =
∂
∂x
h(x)
∣∣∣∣
x=xˆ−k
(3.21)
=

∂dm1
∂x
0
∂dm1
∂y
0
∂dm1
∂θ
0
∂dm2
∂x
0
∂dm2
∂y
0
∂dm2
∂θ
0
∂dm3
∂x
0
∂dm3
∂y
0
∂dm3
∂θ
0
∂ds1
∂x
0
∂ds1
∂y
0 0 0
∂ds2
∂x
0
∂ds2
∂y
0 0 0
∂ds3
∂x
0
∂ds3
∂y
0 0 0
0 0 0 0 0 1

x=xˆ−k
(3.22)
After being updated, the state estimate vector and the error covariance matrix are
propagated until the next measurements are available at t = tk+1 by numerically
integrating the dynamics equation and using the method for a discretized system
respectively. The equations for propagation are listed below.
xˆ−k+1 = xˆk + Ts · f(xˆk,uk) (3.23)
P−k+1 = ΦkPkΦ
T
k +Qk (3.24)
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where
Ts = Sampling Time
Fk =
∂
∂x
f(x,u)
∣∣∣∣
x=xˆk,u=uk
(3.25)
=

0 1 0 0 0 0
1
M
∂f1
∂x
0
1
M
∂f1
∂y
0
1
M
∂f1
∂θ
0
0 0 0 1 0 0
1
M
∂f2
∂x
0
1
M
∂f2
∂y
0
1
M
∂f2
∂θ
0
0 0 0 0 0 1
1
Iz
∂f3
∂x
0
1
Iz
∂f3
∂y
0
1
Iz
∂f3
∂θ
0

x=xˆk,u=uk
(3.26)
Φk = I+ FkTs (3.27)
Qk =
∫ tk+1
tk
(I+ Fkτ)GQG
T(I+ Fkτ)
T dτ (3.28)
=

σ2xT
3
s
3
σ2xT
2
s
2
0 0 0 0
σ2xT
2
s
2
σ2xTs 0 0 0 0
0 0
σ2yT
3
s
3
σ2yT
2
s
2
0 0
0 0
σ2yT
2
s
2
σ2yTs 0 0
0 0 0 0
σ2θT
3
s
3
σ2θT
2
s
2
0 0 0 0
σ2θT
2
s
2
σ2θTs

(3.29)
The important thing is that the numerical integration method affects the filter per-
formance and even causes the filter to diverge [18]. Between the Euler method and
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the Runge-Kutta method, the former one was initially chosen taking the computation
complexity into consideration.
3.3 Pre-Filtering
The measurement vector zk with some elements abnormal or missed can make the
EKF produce a contaminated state estimate, which results in a control input that
is not adequate for the moment. Even though the estimator can be recovered and
yield reasonable results in finite time, the finite time is often not short enough for the
estimator to be sufficiently recovered. Therefore, the best way is to prevent the bad
measurements from entering the estimator by pre-filtering [19].
0 50 100 150 200
0
1
2
U/S Measurement of the Moving Vehicle
[m
]
0 50 100 150 200
0
1
2
[m
]
0 50 100 150 200
0
1
2
[m
]
Time [sec]
0 50 100 150 200
0
1
2
U/S Measurement of the Stationary Vehicle
[m
]
0 50 100 150 200
0
1
2
[m
]
0 50 100 150 200
0
1
2
Time [sec]
[m
]
Figure 3-3: Typical Example of the Bad U/S Measurements
Out of seven measurements at each time step, one gyro measurement is good, but
a few of the six U/S measurements are often bad. Figure 3-3 shows a typical situation
for bad U/S measurements. Data points with zero value and non-zero sudden jump
correspond to missed measurements and wrong measurements respectively. There are
several reasons for the bad measurements. The first one is the liquid nitrogen vapor,
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which comes out of the chimneys standing right next to the U/S beacon. When the
beacon is continuously exposed to this cloud of the vapor, it becomes stiff, and the
frequency of the ultrasound from the stiffened beacon is modified so that the U/S
receivers cannot detect the ultrasound. In order to resolve this problem, the vehicles
have been equipped with umbrellas, which prevent the vapor from directly touching
the beacons. The second one is the location of the U/S receivers. For certain attitudes
of the vehicle, one of three U/S receivers in one vehicle cannot see the U/S beacon
in the other vehicle. This problem would be unavoidable without the change of the
U/S measurement system arrangement, thus leading to the constraint on the attitude
of the moving vehicle. The last one would be some limitations inherent in the U/S
system, which is a usual case in practice and the main reason of the need for the
pre-filtering process.
In order to pre-filter bad measurements, the first thing to do is to determine, in real
time, whether each of the measurements is bad or not. In general, investigation of the
innovation vector [zk−h(xˆ−k )] is a useful way. If an element of the innovation vector is
too large, then the measurement corresponding to that element is bad [19]. Recalling
the thesis objective, the desired trajectory is sinusoidal, and the desired attitude 180◦
with respect to each other. In this specific case, it has been experimentally shown
that, for each U/S receiver, the set of values for good U/S measurements and the set of
values for bad measurements are mutually exclusive. Thus, the U/S measurement of
each receiver at each time step can be judged good or bad by examining whether it is
the element of the set for good measurements or for bad ones. Note that this detection
method uses neither the measurement at previous time step nor the estimated state
variables.
The next step is to reject the bad data. There are two cases for bad data. Let
Nm and Ns be the number of good U/S measurements of the moving vehicle and the
stationary vehicle respectively. The first case is when both conditions of Nm+Ns ≥ 4
andNm ≥ 2 are satisfied at t = tk, and the other case is when either or both conditions
is not satisfied. In order to deal with the first case, suppose dm3 and ds2 are bad at
t = tk. Then, the measurement vector zk is modified to z˜k composed of five effective
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measurements.
z˜k =
[
dm1 dm2 ds1 ds3 θ˙
]T
(3.30)
Corresponding to this modification, Rk, h(x), and Hk are also changed as follows.
R˜k = diag
(
σ2U/S, σ
2
U/S, σ
2
U/S, σ
2
U/S, σ
2
gyro
)
(3.31)
h˜(x) =
[
dm1(x, y, θ) dm2(x, y, θ) ds1(x, y) ds3(x, y) θ˙
]T
(3.32)
H˜k =

∂dm1
∂x
0
∂dm1
∂y
0
∂dm1
∂θ
0
∂dm2
∂x
0
∂dm2
∂y
0
∂dm2
∂θ
0
∂ds1
∂x
0
∂ds1
∂y
0 0 0
∂ds3
∂x
0
∂ds3
∂y
0 0 0
0 0 0 0 0 1

x=xˆ−k
(3.33)
These modified vectors and matrices are used for the update of the state estimate
vector and the error covariance matrix along with the modified Kalman gain.
K˜k = P
−
k H˜
T
k
(
H˜kP
−
k H˜
T
k + R˜k
)−1
(3.34)
For the other case, the number of measurements is not enough for the estimator to
produce well-estimated state variables. Thus, the remedy for this worst case is to
take the state estimate and the error covariance matrix propagated from the previous
time step as the ones at the current time step. In order to explain the remedy in
detail, suppose the number of the effective measurements at t = tk+1 is less than 4,
which violates one of the conditions mentioned before. Then, the update procedure
consists only of the following two equations without calculation of h(x), Hk, and Kk.
xˆk+1 = xˆ
−
k+1 (3.35)
= xˆk + Ts · f(xˆk,uk) (3.36)
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Pk+1 = P
−
k+1 (3.37)
= ΦkPkΦ
T
k +Qk (3.38)
Note that, from Equation (3.34), the size of the modified Kalman gain varies from
[6 × 5] to [6 × 7] according to the number of good U/S measurements at each time
step and that the Kalman gain for the worst case has the size of 0 corresponding to
no calculation of the Kalman gain matrix. This shows that the pre-filtering method
explained above can be called a dynamically-sized Kalman gain.
3.4 Convergence Property
Even though the Kalman filter can promise the best estimate in terms of the sum
of squared estimate errors, it cannot guarantee its convergence except for the case
of using a steady-state gain. Thus, it is necessary to predict the divergence problem
before implementing in the real plant, and the off-line covariance analysis is one
method for the prediction [19]. However, since the EKF utilizes linearization around
an estimated trajectory that is not available without any measurement, the covariance
analysis is not applicable. Therefore, the easiest way to predict the behavior of the
EKF is to build the filter and run several simulations [18].
The simulation model was developed with Simulink, which is shown in Figure 3-4.
It consists mainly of a dynamics model, a controller, and an estimator. The dynam-
ics block was built by Neave [6], and it simulates planar behavior of two vehicles. It
also has three options of a far-field model, a near-field model, and an approximated
near-field model using a lookup table. The controller block is composed of the posi-
tion controller designed by Ahsun [4] with a nonlinear adaptive control technique and
the attitude controller designed by Ramirez [20] with a PD control technique. Each
controller has its gain parameter, and the position controller has a function of com-
manding desired trajectories. The estimator block implements the extended Kalman
filter algorithm with the pre-filtering of bad U/S measurements. Both algorithms of
the controller and the estimator are coded in the C programming language and im-
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Figure 3-4: Simulation Model
plemented in the simulation model using s-functions. The advantage of coding in C
and using s-functions is that the controller or the estimator coded in C can be imme-
diately implemented in the flight computer without any extra work. Both controller
block and estimator block are integrated in the SPHERES block to simulate the real
flight computer also by utilizing the s-function format. Additionally, there are several
blocks for simulating bad U/S measurements and dynamics of the actuators.
The following figures show the simulation result for the desired trajectory of the
circle with the radius of 0.25m and the period of 100 seconds. In Figure 3-5, the red
dashed lines, the blue dotted lines, and the magenta solid lines represent the desired
trajectories, the estimated state variables, and the true state variables respectively.
As shown in Figure 3-6, all estimation errors are within 0.02 units and do not diverge.
Thus, the estimator is eligible to be implemented in the flight computer of the testbed,
and its parameters will be tuned through some experiments.
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Figure 3-5: Simulation Result: State Variables
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Figure 3-6: Simulation Result: Estimation Error
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Chapter 4
Experimental Results
The extended Kalman filter with pre-filtering has been designed for the trajectory
following, and its convergence has been tested in simulation with Simulink. Then,
the estimator has been implemented in the testbed. This chapter is concerned with
the parameter tuning of the estimator and the experimental results for several kinds
of sinusoidal trajectories.
4.1 Experiment Setup
Experiment facilities consist principally of two vehicles and a ground station. The
vehicles are placed on a flat table as shown in Figure 4-1. The stationary vehicle is
fixed near the short edge of the table, and its arm holding the U/S receiver named
RCV 1 is aligned with the long side of the table such that the designated x axis
and y axis (Figure 3-1) are parallel to the long side and the short side of the table
respectively. The moving vehicle has the capability of floating over the flat table by
virtue of the air carriage system consisting of two CO2 tanks and three pucks. Lastly,
the ground station is necessary for uploading a built program containing controller
and estimator algorithms to the bootloader of the flight computer and communicating
with the vehicles to initiate tests and take experimental data on-line.
As for the desired trajectory, sinusoidal trajectories were chosen in order for the
moving vehicle to smoothly follow them without any high acceleration maneuver.
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Figure 4-1: EMFF Testbed Vehicles on Flat Table
In terms of the attitude of the moving vehicle, the angle between the X-axis of the
moving vehicle and the X-axis of the stationary vehicle was commanded to remain
180◦, and the angular velocity of the moving vehicle was commanded to maintain
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0◦/sec, which can exploit the U/S metrology. Then, the desired trajectory has the
following form.
xd(t) = 1.5− Ax cos
(
2piFx(t− t0)
)
(4.1)
x˙d(t) = 2piFxAx sin
(
2piFx(t− t0)
)
(4.2)
yd(t) = Ay sin
(
2piFy(t− t0)
)
(4.3)
y˙d(t) = 2piFyAy cos
(
2piFy(t− t0)
)
(4.4)
θd(t) = pi (4.5)
θ˙d(t) = 0 (4.6)
where Ax and Ay are amplitudes of the trajectory along the X direction and the Y
direction respectively, Fx and Fy are frequencies of the trajectory along each direction,
and t0 is the time at which the controller is activated.
4.2 Parameter Tuning
The EKF has five parameters to be tuned: σ2x, σ
2
y, σ
2
θ , σ
2
U/S, and σ
2
gyro. The first three
of them are elements of Q related to process noise, and the latter two are elements
of Rk related to measurement noise. Understanding the behavior of the EKF is con-
siderably helpful for tuning parameters; the EKF provides the best estimates at each
time step based on the degree of accuracy of a dynamics model and measurements. In
other words, the EKF relies more on measurements than on dynamics if the ratio of
Rk to Q is less than one. If the ratio is greater than one, then the EKF depends more
on dynamics than on measurements. This fact leads to two practical tuning rules;
decrease the magnitude of Rk or increase the magnitude of Q if the state estimates
diverge or slowly converge, and increase the magnitude of Rk or decrease the magni-
tude of Q if the state estimates are too noisy. Note that increasing or decreasing the
ratio of Rk to Q is comparable to narrowing or widening the bandwidth of a generic
filter.
In practice, it is difficult to begin with arbitrary values for all five parameters.
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Thus, the specification of the gyro provided by a company was taken as the initial
guess for σ2gyro, and the statistical data from several experiments for the U/S metrology
was taken as the initial guess for σ2U/S.
The first desired trajectory is chosen as Ax = 0.25, Fx = 0.01, Ay = 0.0, and
Fy = 0.0, which commands the moving vehicle to follow the sinusoidal trajectory on
X direction and hold Y position on the reference point of zero. The purpose of this
choice is to place focus on tuning σ2x because it is difficult to tune σ
2
x and σ
2
y at the
same time. Figure 4-2 shows the experimental results of the estimated state variables
of x and x˙, in which ˆ˙x is so noisy that some of its absolute values are greater than 0.1
even though the amplitude of the desired trajectory is 0.0157. This means that the
EKF depended substantially on the measurements. Thus, the estimator was adjusted
to give greater weight to the dynamics by increasing σ2U/S and decreasing σ
2
x. The
result after several iterations is shown in Figure 4-3, in which the estimated state
variable of ˆ˙x is less noisy than in the previous experiment.
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Figure 4-2: Sinusoidal Trajectory on X - Noisy Result
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Figure 4-3: Sinusoidal Trajectory on X - Result after Tweaking
As a next step, σ2y was tuned in the same manner as σ
2
x for the desired trajectory
with Ax = 0.0, Fx = 0.0, Ay = 0.25, and Fy = 0.01, and the circular trajectory with
the radius of 0.25 meters and the period of 100 seconds was tried. The results are
shown in Figures 4-4 and 4-5 respectively.
As for the rotational motion tuning, the ratio of σ2θ to σ
2
gyro was set much greater
than 1 so that the EKF could rely more on the gyro measurement than on the
rotational dynamics. The reason was that a couple of experimental results showed
that the far-field model did not predict rotational behavior as good as position or
velocity.
Finally, note that the level of fluctuation of yˆ and ˆ˙y is greater than that of xˆ and
ˆ˙x in both Figure 4-4 and 4-5 even though those are best tuned results. This led to
devising a new configuration of the U/S metrology.
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Figure 4-4: Sinusoidal Trajectory on Y
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Figure 4-5: Circular Trajectory
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4.3 Modification of Ultrasound Metrology
After several experiments for adjusting σ2y, it turned out that there was a problem with
the configuration of the U/S measurement system. As mentioned in Section 2.4.1,
each vehicle is equipped with one beacon placed at its center and three receivers evenly
distributed along the circumference with a radius of 0.39 meters (Figure 2-13 and 4-1).
Taking into account the maneuver of the moving vehicle along the desired trajectory
represented as Equation (4.1)–(4.6), the variation of the U/S range measurement is
less sensitive to the change in y direction than to the change in x direction for all six
U/S receivers, which results in more noisy estimates of y and y˙ than those of x and
x˙. Therefore, modifying the configuration of the U/S metrology was suggested as a
solution.
The new arrangement should be able to capture the motion along the y direction
better than the previous one did. Among several options, the one chosen was to move
the beacon of the stationary vehicle to the point (1.5, -1.5) in its coordinate frame.
Figure 4-6 shows the new position of the beacon of the stationary vehicle.
Some experiments were performed to check if the U/S metrology worked, and the
parameters of the EKF were adjusted in the same manner as before. Figure 4-7 shows
the results for the circular trajectory with a radius of 0.25 meters and a period of
100 seconds with the new U/S metrology geometry. Compared to Figure 4-5, the
level of fluctuation of yˆ and ˆ˙y is substantially reduced. Figure 4-8 clearly shows the
improvement in the estimates of y.
Experiments with different desired trajectories, e.g., a circle with a shorter period
were executed, and those results are summarized in Appendix D.
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Figure 4-7: Circular Trajectory after Beacon Location Change
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Chapter 5
Conclusions
5.1 Thesis Summary
In this thesis, it has been shown that the electromagnetic force generated by the
superconducting coils on each spacecraft can be utilized as a method of thrust for
the vehicle to maneuver along certain appropriately defined desired trajectories. This
work has been built upon some previous results such as the dynamics model of elec-
tromagnetic force, experimental results for a position hold mission, and analysis of
using a nonlinear adaptive controller for a cluster of spacecraft.
For the purpose of achieving this objective, two experimental vehicles have been
developed in the Space Systems Laboratory at MIT. Each vehicle is composed of
the flight computer adapted from the SPHERES project also conducted in SSL, the
actuators of the superconducting coil assemblies for position control and the reaction
wheel assembly for attitude control, and the measurement systems of the ultrasound
metrology and the rate gyro. Chapter 2 was dedicated to describing all of the com-
ponents of each vehicle in detail.
In Chapter 3, the extended Kalman filter was developed to overcome the problem
of the previous estimator and function as an estimator for a trajectory following
mission. The key characteristic is that the size of the Kalman gain varies in accordance
with the number of effective U/S measurements at each time step by taking full
advantage of the redundancy in the U/S measurements so that wrong or missed U/S
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measurements can be pre-filtered. By providing the simulation result at the end of
the chapter, the convergence of this estimator was shown.
Chapter 4 was concerned with the experimental results for sinusoidal desired tra-
jectories with one vehicle capable of moving and the other fixed on a flat table. Firstly,
the parameter tuning of the new estimator was accomplished through several exper-
iments according to the practical rule similar to one for adjusting filter bandwidth.
From the result of the parameter tuning, the problem with the U/S metrology con-
figuration was revealed. As a remedy, the beacon of the stationary vehicle has been
moved to another place so that the moving vehicle can capture its maneuver along the
y direction with resect to the body-fixed coordinate of the stationary vehicle. After
that, several satisfactory experimental results were obtained.
5.2 Conclusion
The extended Kalman filter with dynamically-sized Kalman gain, proposed in this
thesis, has shown its ability to estimate the state variables of the moving vehicle
satisfactorily by pre-filtering bad or missed ultrasound measurements as well as its
convergence, on account of the redundant ultrasound measurements at each time step,
both in the simulation and the experiment with parameter tuning.
In addition to this, the experimental results show that the electromagnetic force
is a promising manner of thrust for one spacecraft to maneuver along well defined
smooth trajectories in the two dimensional plane with respect to another spacecraft
fixed on the plane.
5.3 Recommendations for Future Work
The next step should be to obtain successful results for the experiment with two
movable vehicles. However, there are some prerequisites in terms of the estimator
and the attitude control.
Firstly, utilizing a gyro in a dynamic model replacement mode can be recom-
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mended as the future work for the estimator. As mentioned in Section 4.2, the
parameters for the rotational motion were so tuned that the estimator could rely
more on the gyro measurements than on the dynamics due to the lack of accuracy
in the attitude model. The rationale of the dynamic model replacement mode is as
follows. According to [21] and [22], the attitude dynamics of spacecraft is difficult to
precisely model in general. Even if it is well modeled with some complexities, it is
hard to always obtain expected results. Additionally, the sampling rate of the gyro is
generally fast enough. For example, the ADC port in the SPHERES can sample the
gyro measurements as fast as 1 kHz. Hence, with the dynamic model replacement
mode, the attitude estimation could be ameliorated.
As for the attitude control, the problem is that the attitude controller often loses
its authority. As shown in the plots for θˆ and ˆ˙θ, especially in Figures D-2 and D-4,
the moving vehicle fails to maintain its attitude and starts rotating clockwise after
some time. Since this happens when the angular momentum of the reaction wheel is
saturated, one solution would be to increase the moment of inertia of the wheel so
that the angular momentum capacity of the wheel is sufficient to counteract all of the
torque produced by shear force acting on the moving vehicle. The other resolution
would be to change the motor control interface from voltage-to-angular-velocity to
current-to-motor-torque, which would be more reasonable way to control the attitude
of the vehicle by torque.
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Appendix A
Description of 15-pin and 32-pin
Ports
Table A.1: 15-pin Port of Coil Current Control Box
Pin Function Pin Function
1 Current Command
2 +12V 9 GND (+12V)
3 +5V 10 GND (+9V)
4 +9V (for LCD) 11 GND (for LCD)
5 Temperature 12 Current in the Coil
6 Switch 13 Switch
7 N/A 14 Voltage of the Batteries
8 RTD 15 RTD
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Table A.2: 32-pin Port for Coil Current Control
Pin Function (Pin in MAX506) Pin Function
1 GND 2 GND
3 DAC Address Select Bit 0 (17 A0) 4 GND
5 DAC Address Select Bit 1 (16 A1) 6 GND
7 Data Bits Activeness (15 WR) 8 5V Out
9 Data Bit 0 (14 D0) 10 5V Out
11 GND 12 5V Out
13 Data Bit 1 (13 D1) 14 GND
15 Data Bit 2 (12 D2) 16 GND
17 Data Bit 3 (11 D3) 18 GND
19 Data Bit 4 (10 D4) 20 GND
21 GND 22 BAT Voltage Out
23 Data Bit 5 (9 D5) 24 BAT Voltage Out
25 Data Bit 6 (8 D6) 26 BAT Voltage Out
27 Data Bit 7 (7 D7) 28 BAT Voltage Out
29 PWM (to RWA) 30 GND
31 GND 32 GND
Table A.3: Coil Addressing [12]
Pin Name
WR A1 A0 Coil Address
L L L Coil 1 (Vout A in MAX506)
L L H Coil 2 (Vout B in MAX506)
L H L N/A (Vout C in MAX506)
L H H N/A (Vout D in MAX506)
H X X Input Data Latched
H: High State, L: Low State, X: Don’t Care
50
Appendix B
Specification of Components of the
Reaction Wheel Assembly
Table B.1: Motor Control Unit
Astro 30Amp Reversing Marine Speed Control (P/N: 208D)
Neutral (Off) 1.45ms ∼ 1.5ms
Throttle (0% to 100%) 1.5ms ∼ 1.85ms
Reverse (0% to 100%) 1.45ms ∼ 1.1ms
Maximum Voltage 18V
Minimum Voltage 6V
Maximum Continuous Current 30A
Electronic Current Limit 35A
Battery Eliminator Circuit 5V, 1A
Power Connectors Astro Zero Loss
Radio Connector Universal
Size 1.2×1.6×0.2 in.
Weight (with Wires) 20g (30g)
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Table B.2: Permanent Magnet Motor
Astro 40 Cobalt Geared Motor (P/N: 640G)
Armature Resistance 0.121Ω
Geared Motor Speed 418RPM/V
Geared Motor Torque 3.25in-oz/A
Voltage Range 12∼24V
Maximum Continuous Current 2.5A
Maximum Continuous Power 750W
Gear Ratio 1.63:1
Weight 17oz.
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Figure B-1: Dimension of Reaction Wheel
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Appendix C
Partial Derivatives for the EKF
C.1 Dynamics
∂f1
∂x
=
3µ0µs
4pi
√
(x2 + y2)9
{
µmx
(
8x4 − 24x2y2 + 3y4)+ µmy (20x3y − 15xy3)}
∂f1
∂y
=
3µ0µs
4pi
√
(x2 + y2)9
{
µmx
(
20x3y − 15xy3)+ µmy (−4x4 + 27x2y2 − 4y4)}
∂f1
∂θ
=
3µ0µs
4pi
√
(x2 + y2)7
{∂µmx
∂θ
(−2x3 + 3xy2)+ ∂µmy
∂θ
(−4x2y + y3)}
∂f2
∂x
=
3µ0µs
4pi
√
(x2 + y2)9
{
µmx
(
20x3y − 15xy3)+ µmy (−4x4 + 27x2y2 − 4y4)}
∂f2
∂y
=
3µ0µs
4pi
√
(x2 + y2)9
{
µmx
(−4x4 + 27x2y2 − 4y4)+ µmy (−15x3y + 20xy3)}
∂f2
∂θ
=
3µ0µs
4pi
√
(x2 + y2)7
{∂µmx
∂θ
(−4x2y + y3)+ ∂µmy
∂θ
(
x3 − 4xy2)}
∂f3
∂x
=
µ0µs
4pi
√
(x2 + y2)7
{
µmx
(−12x2y + 3y3)+ µmy (6x3 − 9xy2)}
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∂f3
∂y
=
µ0µs
4pi
√
(x2 + y2)7
{
µmx
(
3x3 − 12xy2)+ µmy (12x2y − 3y3)}
∂f3
∂θ
=
µ0µs
4pi
√
(x2 + y2)5
{∂µmx
∂θ
(3xy)− ∂µmy
∂θ
(
2x2 − y2)}
where
∂µmx
∂θ
= −µ1 sin θ − µ2 cos θ
∂µmy
∂θ
= µ1 cos θ − µ2 sin θ
C.2 Measurement
∂dm1
∂x
=
x+R cos θ√
(x+R cos θ)2 + (y +R sin θ)2
∂dm1
∂y
=
y +R cos θ√
(x+R cos θ)2 + (y +R sin θ)2
∂dm1
∂θ
=
−R sin θ(x+R cos θ) +R cos θ(y +R sin θ)√
(x+R cos θ)2 + (y +R sin θ)2
∂dm2
∂x
=
x−R cos(θ − pi
3
)√{
x−R cos(θ − pi
3
)
}2
+
{
y −R sin(θ − pi
3
)
}2
∂dm2
∂y
=
y −R sin(θ − pi
3
)√{
x−R cos(θ − pi
3
)
}2
+
{
y −R sin(θ − pi
3
)
}2
∂dm2
∂θ
=
R sin(θ − pi
3
){x−R cos(θ − pi
3
)} −R cos(θ − pi
3
){y −R sin(θ − pi
3
)}√{
x−R cos(θ − pi
3
)
}2
+
{
y −R sin(θ − pi
3
)
}2
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∂dm3
∂x
=
x−R cos(θ + pi
3
)√{
x−R cos(θ + pi
3
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}2
+
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y −R sin(θ + pi
3
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Appendix D
More Experimental Results
This appendix is concerned with three more experimental results for the desired
trajectory other than the circle with the radius of 0.25 meters and the period of 100
seconds. As mentioned in Section 4.1, the desired trajectory for the attitude remained
constant at θd(t) = pi and θ˙d(t) = 0.
The first one is for a faster circular trajectory, i.e., the period is 80 seconds, and
corresponding results are shown in Figures D-1 and D-2.
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Figure D-1: Faster Circular Trajectory in XY Plane
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Figure D-2: Faster Circular Trajectory
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In the second experiment, the desired trajectory along the y direction remained
the same as Ay = 0.25 and Fy = 0.01, but the amplitude and the frequency for the x
direction were changed to Ax = 0.3 and Fx = 0.02 respectively.
xd(t) = 1.5− 0.3 cos
(
2pi · 0.02(t− t0)
)
x˙d(t) = 2pi · 0.02 · 0.3 sin
(
2pi · 0.02(t− t0)
)
yd(t) = 0.25 sin
(
2pi · 0.01(t− t0)
)
y˙d(t) = 2pi · 0.01 · 0.25 cos
(
2pi · 0.01(t− t0)
)
The results are presented in Figures D-3 and D-4. Note that the responses along
both directions lag behind the commanded trajectory in Figure D-4 even though the
frequency only for the x direction is doubled.
Additionally, note that both two experiments were stopped due to the RWA losing
the authority for the attitude control.
1 1.2 1.4 1.6 1.8 2
−0.5
−0.4
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
0.4
0.5
X [m]
Y 
[m
]
 
 
EST
CMD
Start
End
Figure D-3: Asymmetrical Frequency in XY Plane
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Figure D-4: Asymmetrical Frequency
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The last experiment is for the moving vehicle to move along a straight line diag-
onally in the designated XY plane starting from (1.5, 0.0) as shown in Figure D-5.
The desired trajectory is as follows.
xd(t) = 1.5− 0.3 sin
(
2pi · 0.01(t− t0)
)
x˙d(t) = −2pi · 0.01 · 0.3 cos
(
2pi · 0.01(t− t0)
)
yd(t) = 0.25 sin
(
2pi · 0.01(t− t0)
)
y˙d(t) = 2pi · 0.01 · 0.25 cos
(
2pi · 0.01(t− t0)
)
The results are shown in Figures D-5 and D-6, in which the vehicle stopped because
the coil, responsible for generating the electromagnetic force along the x direction,
lost its superconducting property due to the low level of the liquid nitrogen in the
corresponding coil container.
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Figure D-5: Diagonal Straight Line in XY Plane
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Figure D-6: Diagonal Straight Line
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